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Plasma-based acceleration has already proved the ability to reach ultra-high accelerating gradients. However
the step towards the realization of a plasma-based accelerator still requires some effort to guarantee high
brightness beams, stability and reliability. A significant improvement in the efficiency of PWFA has been
demonstrated so far accelerating a witness bunch in the wake of a higher charge driver bunch. The transformer

ratio, therefore the energy transfer from the driver to the witness beam, can be increased by resonantly exciting
the plasma with a properly pre-shaped drive electron beam. Theoretical and experimental studies of beam
manipulation for resonant PWFA will be presented here.

1. Introduction

Plasma-based accelerators represent the new frontier for the
development of compact advanced radiation sources and next genera-
tion linear colliders. Plasma-based acceleration has already proved the
ability to reach ultra-high accelerating gradients. In the last decades
great progresses have been achieved in several international labora-
tories [1-5] to demonstrate the acceleration of electron beams with
accelerating gradients of the order of several tens of GV/m, as
produced by either laser-driven or particle-driven plasma wakefields,
LWFA or PWFA, respectively.

The main issue, so far still not achieved, concerns the quality of the
accelerated electron beam. The figure of merit of electron beams is the
so-called brightness, which represents the capability of a beam, made
of a large (=10%) number of quasi-monochromatic electrons to be
focused on a very small transverse area. In terms of beam parameters,
it translates into mm mrad scale transverse normalized emittance and
0.1% energy spread. High brightness electron beams are the future goal
of such kind of particle accelerators in order to compete with those
based on conventional RF photo-injectors. The current goal of the
worldwide plasma, laser and photo-injector communities is to demon-
strate the stable and repeatable acceleration of high brightness beams.
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The next step is then the extraction and transport of the beam,
preserving its quality, i.e. 6D high brightness, stability and reliability
to drive a plasma-based user facility [6—8].

In PWFA the high-gradient wakefield is driven by an intense, high-
energy charged particle beam, named as driver beam, as it passes
through the plasma. The space-charge forces of the electron bunch
blow out the plasma electrons, which rush back in and overshoot

2
npe

setting up plasma oscillations, at a frequency w, = o, depending on
Om

the unperturbed plasma density, ng; e and m, “are the electron
elementary charge and mass, respectively. The plasma response to
the perturbation introduced by the electron beam can be expressed by
the degree of nonlinearity of the plasma dynamics that defines the
plasma wave regime. The figures of merit are the beam charge in th}e
cubic plasma skin-depth, k, ®, the so-called reduced charge, 0= %,
and a = :—”, where Ny, is the driver number of electrons and ng the
beam dengity [9,10]. The quasi non-linear regime [11] is defined by a
linear response of the plasma, 0 < 1, combined to the bubble forma-
tion in an under-dense plasma (a> 1). In the following we will consider
the quasi non-linear or weakly non-linear, J ~ 1, regime.

When a single bunch interacts with the plasma, the head of the

bunch transfers a large fraction of its kinetic energy to the plasma. The
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plasma, acting as an energy transformer, transfers the gained energy to
the tail of the bunch, resulting in an ultimate beam energy spread of
100% [3]. In order to minimize the beam energy spread, which would
contribute to spoil the overall brightness, a second, appropriately
phased accelerating beam, named as witness beam, and containing
fewer particles than the drive beam, is then accelerated by the wake.
This 2-bunch configuration allows to strongly decrease the energy
spread of the accelerated witness bunch down to few % [6]. Acting as
an energy transformer, PWFA has the great potential to double the
beam energy in a single stage [3]. The energy transfer from the drive
bundb} to the plasma is optimized by maximizing the transformer ratio
R= Iﬁl, defined as the ratio between the maximum accelerating
field behind the drive bunch, E, ,,,, where the particles of the witness
bunch can be placed, and the maximum decelerating field within the
drive bunch, E_,,,.. R quantifies the energy gain of a witness bunch
placed at the accelerating phase. However the Wakefield Fundamental
Theorem [12,13] sets a limit to the maximum energy gain in PWFA.
Indeed, for a symmetric drive bunch, the transformer ratio reaches the
maximum value of 2, when the maximum retarding wake occurs at the
center of the bunch. The drive beam energy is depleted after a distance
Ly~ meeCZ/EE-,muxa with y, being the Lorentz factor for the driver
beam, while the witness bunch gains Aym,c® ~ eE, Ly = R}’;,mec2- In
case of Gaussian bunches, if the longitudinal matching condition,
k,o, = n/2, is satisfied, and the beam loading effect is negligible, then
R=2 and the witness beam energy is doubled. This result is also
obtained in case of a symmetric train of N=4 Gaussian bunches, as
shown in Fig. 1: the maximum wake is obtained when the spacing
equals the plasma wavelength, A, and the final wake amplitude scales
linearly with the amplitude of the first driver bunch, ie. E; = NE,.
Simulations are performed by means of a hybrid kinetic-fluid code,
called Architect [14—16], in the weakly non-linear regime (@ =0.75
and a> 1).

2. Resonant PWFA for enhancing the transformer ratio

By properly tailoring the driver bunch shape, the witness beam
energy can be more than doubled when the charge distribution is
shaped such that all particles in the bunch see the same retarding field,
resulting in R > 2 [17]. Therefore, asymmetric drive bunch current
profiles, i.e. triangular, double triangle, doorstep-like distributions,
overcome this limit [18,19], because all longitudinal slices lose energy
at the same rate. The same result is also obtained by means of multiple
ramped bunch trains, which excite resonant plasma wakes [20].

By placing multiple drive bunches at the accelerating phase of the
wakefield driven by preceding bunches, then by adjusting the charge in
each bunch, it is possible either to optimize the accelerating gradient
(Fig. 2) or the transformer ratio of PWFA (Fig. 3). The use of a train of
bunches allows to gently transfer the energy first from one bunch to the
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Fig. 2. Longitudinal electric field on axis (blue curve) and normalized bunch density
profile (red curve), a = ny/n(, for a ramped charge profile (ratio 1:3:5:7) in the weakly
non-linear regime: a > 1and 0 = 0.75. The driver bunch spacing is Ap and the calculated
transformer ratio is R=3. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)
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Fig. 3. Longitudinal electric field on axis (blue curve) and normalized bunch density
profile (red curve), a = n,/ng, for a ramped charge profile (ratio 1:1.6:2:2.4) in the non-
linear regime: @ > 1 and Q' = 1.4. The driver bunch spacing is 1.5 Ap, in order to increase
the transformer ratio: R = 8. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)

following then to the resulting wake, piling up the total energy. A
unique symmetric bunch would have part of the energy uniquely
dispersed into the self-induced bubble. The multi-bunch distribution
has an extra advantage: since the energy depletion for each bunch
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Fig. 1. Longitudinal electric field on axis (blue curve) and normalized bunch density profile (red curve), a = n,,/n(, for a symmetric charge profile in the weakly non-linear regime: a > 1
and Q = 0.75. The driver bunch spacing is Ap = 330 pm for ny = 10'® cm™3 and the calculated transformer ratio is R = 2. (For interpretation of the references to color in this figure caption,

the reader is referred to the web version of this paper.)
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occurs at constant pace, they retain the phase separation over evolu-
tion. The advantage is to pile up energy with less energy dissipation. As
shown in Fig. 2, four driver bunches with ¢, < 4,/4, whose charges scale
as 1:3:5:7 drive a more than 1 GV/m wake when they are placed
A, = 330 pm apart (n, = 10'* cm™). Placing the bunch at a A,, corre-
sponds to where the bubble closes. It means that a negative charge is
added to the bubble closure where the negative charge naturally
accumulates, resulting in pumping the field without an efficient
mechanism to decrease the decelerating field, necessary to increase
the transformer ratio. A case of interest at SPARC_LAB in the weakly
non-linear regime (0 =075, a > 1) is shown in Fig. 2, where the
resulting transformer ratio is R=3.

To increase the transformer ratio in the case of a train of electron
bunches, they have to be placed at phase-opposition. As Fig. 3 shows,
each bunch is placed at a longitudinal position where the accelerating
electric field underneath the drivers is reduced, ie. at 1.5, (A, =
330 um at 10'° cm™ plasma density). The estimated transformer ratio
for this case of interest at SPARC_LAB is around 8. It means that the
incoming energy is increased by 8 times in a single PWFA stage. The
operation regime is between weakly non-linear and non-linear, defined
by a reduced charge 0 = 1.4 and a > 1, for the total charge 350 pC,
distributed over four driver bunches. Such a transformer ratio is
possible by means of ramped bi-Gaussian profiles, with charge scaling
as 1:1.6:2:2.4 and separation of 1.5),,. The wakefield under each bunch
can be made equal, thus increasing the transformer ratio beyond two,
which now scales linearly with the number of bunches, N.

3. Multi-bunch shaping for resonant PWFA experiments

Several methods can be used to longitudinally shape electron
beams. Some of them have been theoretically studied, e.g. linearly
ramped current profiles combined with a door-step or exponential
initial distribution [21]; some others experimentally investigated, e.g.
train of drive bunches (instead of a shaped single drive bunch) with
appropriate charge and temporal separation [22-24].

A ramped bunch train can be shaped via photo-emission exploiting
the so-called laser comb technique [25], which combines laser pulse
shaping and beam dynamics manipulation based on velocity bunching
compression. A multi-bunch train, resembling to a comb, therefore
named as laser comb, can be produced directly at the photo-cathode,
exploiting the fast response of the cathode material. A single laser pulse
is split into two or more orthogonally polarized pulses by means of a a-
BBO birefringent crystal. Because of the polarization dependent path,
the two polarizations are delayed in time of a quantity depending on

the crystal thickness, i.e. At = IVL - %ILCMM,. Therefore, by stacking

several crystals, one after the othgeer, it is possible to generate a train of
N-bunches. Delay lines can be used to fully control the bunch inter-
distance, while half-wave plates (HWP) unbalance the laser intensity to
allow ramps of charge [26]. When a train of laser pulses illuminates the
photo-cathode, because of the metal fast response, a train of electron
bunches is produced. Because of longitudinal space charge forces, the
longitudinally modulated beam acquires downstream the gun an
energy modulation. Therefore, when injected in the first accelerating
section, operating as RF compressor in the so-called Velocity Bunching
(VB) regime [27,28], the energy modulation can be transformed back
into a density modulation. The regime suitable for the resonant PWFA
application, i.e. where the sub-bunches are well separated and their
distance can be tuned with the RF compressor injection phase, is called
deep over-compression: the RF phase of the first accelerating structure
is set to produce a longitudinal over-focusing, and the comb generated
beam at the cathode recovers the initial density modulation. The final
pulses inter-distance can be adjusted in the sub-picoseconds range by
the RF compression phase and the temporal structure is usually frozen
at the exit of the linac. Since during the VB process the longitudinal
phase space (LPS) is rotated, the position of bunches is reversed at the
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end of the process. Therefore, since the witness follows the drivers in
the plasma wake, the witness bunch is extracted from the cathode at a
phase earlier than the drivers. The main advantage of the laser comb
technique consists in the high versatility with no cut of charge and the
possibility of tuning beam parameters, i.e. charge, duration and time
spacing through laser shaping and RF compression phase.

A different approach to produce trains of ps-spaced bunches relies
on collimation: a multi-wire mask is placed in a high dispersion, low-
beta function region of a dogleg beam line in order to produce a
temporal bunch train out of a long bunch with a correlated energy
spread [23]. A THz repetition rate bunch train can also be generated
with a transversely segmented beam (with a multi-slit mask) via a
transverse-to-longitudinal phase space exchange technique, obtained
placing a deflecting cavity between two dispersive sections [29]. Both
techniques have the disadvantage to lose charge, cut by the mask, and
to allow fine adjustment of time spacing by only changing the mask
geometry. However, the multi-slit mask has the great advantage to
shape triangular driver bunches in the train.

4. Beam manipulation for resonant PWFA experiments at
SPARC_LAB

One of the most promising candidates for high gradient PWFA
acceleration and efficiency consists in a plasma channel driven by a
resonant bunch train. At the SPARC_LAB test facility [30], this scheme
will be investigated by injecting a low emittance witness beam,
produced by the high brightness SPARC photo-injector [31], into a
pre-formed plasma channel [32], excited by a train of short, fs-scale,
driver bunches with constant and/or ramped charge distribution [22].
In this case the beam quality of the accelerated witness bunch depends
on the injector performance and on the capability to mitigate beam
degradation in the plasma with a proper matching of the beam with the
plasma [33].

SPARC_LAB hosts a high brightness photo-injector to drive,
together with a high power laser (200 TW, <30 fs pulse), Thomson
back-scattering [34] and THz radiation [35,36] sources, Free-Electron
Laser (FEL) experiments [37-39] and plasma-based acceleration
experiments, both laser-driven [40] and particle-driven [41]. An
update layout is shown in Fig. 4: the third S-band traveling wave
(TW) accelerating structure has been replaced with a TW constant
impedance C-band structure, and the interaction chamber, fully
equipped with diagnostics, both transverse and longitudinal, based
on Electro-Optical sampling [42] and THz radiation [43,44], with a H,
plasma discharge capillary [32] and permanent quadrupole magnets
for beam matching in and out from the plasma. The C-band structure,
fed by a Toshiba C-band klystron, a high voltage pulsed modulator
(from ScandiNova) and a 400 W solid state driver for the klystron, is
1.4 m long (including couplers), operating at 5.712 GHz (71 cells,
7 mm radius), with an average accelerating field of ~35 MV/m [45].

Beam manipulation experimental studies have been performed to

PMQs triplets

EOS diagnostics
C-band structure

Optical/THz
.- diagnostics
>

Fig. 4. Update layout of the photo-injector. The third S-band structure has been
replaced by a 1.4 m C-band structure and the plasma interaction chamber, fully equipped
with beam and plasma diagnostics and permanent quadrupole magnets.
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Fig. 5. Measured LPS of a comb-like beam consisting in a charge ramp four-driver
bunches (36, 36, 69, 75 pC) and a witness (24 pC). The witness bunch is at 3,,/2 from
the last driver (named as D4); the driver separation is 270-240-420 pm (4, = 330 pm with
a plasma density ng = 10" cm™3).

Table 1
Single bunch measured parameters.

Bunch name E (MeV) AE/E (%) o, (fs) Q (pC) €rx (mm mrad)
w 112.6 0.084 80 24 1(0.09)
D4 112.3 0.159 42 75 0.8(0.1)
D3 112.2 0.112 92 69 1.7(0.1)
D2 112.3 0.087 113 36 2.7(0.6)
D1 112.2 0.045 100 36 2.8(0.3)
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Fig. 6. Longitudinal electric field on axis (blue curve) and normalized bunch density
profile (red curve), a = ny/ng, for a ramp charge profile (ratio 1:3:5:7) in the weakly non-
linear regime: a > 1 and O = 0.75. The driver bunch spacing is non-uniform, following
the experimental separation, i.e. 270-240-420 pm (Ap = 330 pm). The calculated trans-

former ratio is R > 3. (For interpretation of the references to color in this figure caption,
the reader is referred to the web version of this paper.)

optimize a multi-bunch ramped charge distribution in terms of
temporal spacing, charge ratio, bunch length and transverse emittance.
Fig. 5 shows the LPS of a four ramped drivers plus witness bunch train
in the RF deep over-compression region, corresponding to —100° from
the phase of maximum acceleration. The witness bunch (24 pC) is at
3Ap/2 from the last driver (named as D4); the driver separation is

Nuclear Instruments and Methods in Physics Research A (xxxx) xxxx—xxxx

~ 2, =330pm with a plasma density n, = 10" cm™. Single bunch

parameters are listed in Table 1; the normalized horizontal emittance
has been measured by streaking the bunch train vertically with a RF
deflecting cavity [46] (in parenthesis the statistical errors are reported).
The error on the emittance measurement is not only statistical, but it
takes into account also how big is the discrepancy between the model
and the data. This is where the 10% error comes out. In addition, the
fact that the fit does not follow precisely the data might derive from
several reasons, e.g. RF breakdown during data acquisition, small
signal-to-noise ratio, produced by the large magnification of the optics
to distinguish beam dimensions of the order of few tens of pm.

The fact that the inter-bunch spacing is not perfectly regular
depends on the fixed distance of laser pulses at the cathode set by
the crystal length. This drawback can be overcome by inserting delay
lines for each laser pulse in order to adjust the final distance which is a
combination of the compression phase too [26].

The effect of this non-uniformity on relevant parameters, i.e.
transformer ratio and accelerating gradient, has been investigated
and it is reported in Fig. 6. Fig. 6 shows the longitudinal electric field
on axis (blue curve) and the normalized bunch density profile (red
curve) for a ramped charge profile (ratio 1:3:5:7) in the weakly non-
linear regime: a > 1 and 0 = 0.75. The driver bunch spacing is non-
uniform (contrary to what was shown in Fig. 2), following the
experimental separation, i.e. 270-240-420 pm. Since A, is 330 pm, it is
clear that the first three bunches have all quite the same spacing, =A,,,
while the fourth is placed at ~1.54,, which is the position for optimized
transformer ratio, but lower accelerating gradient (see Fig. 3). The
calculated transformer ratio for the realistic case shown in Fig. 6 is
slightly larger than 3; it means that, while the first three bunches,
spaced = A,, apart, drive a 1.5 GV/m wake, the spacing of the last driver
bunch, =1.54,, contributes to preserve the transformer ratio. Hybrid
spacing, or adjustable separation, might be a good compromise for the
optimization of both accelerating gradient and energy transfer.

5. Conclusions

A future plasma-based user facility demands high brightness
beams. The resonant amplification of plasma waves by a train of
HBEBs injected into the preformed plasma is one of the schemes
proposed to this scope. Manipulation of electron beam phase spaces is
mandatory to enhance the energy transfer and preserve the beam
quality. A preliminary characterization of the electron beam, manipu-
lated to resonantly excite plasma wakes, has been performed at the
SPARC_LAB test facility and results have been discussed.
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